Abstract. Two hybrid molecular materials showing a combination of magnetic and conducting properties, the charge-transfer (ET) 2 [Fe(tdas) 2 ] (1) and (ET)Ni(tdas) 2 (2), (ET=bis(ethylenedithio) tetrathiafulvalene; M=Fe, Ni; tdas=1,2,5-thiadiazole-3,4-dithiolate) salts, are characterized by vibrational (IR and Raman) and UV-VIS-NIR spectroscopies. These studies have proved to be effective and diagnostic tools in identifying the oxidation state (partial or integer) and the packing pattern (dimers or segregated stacks) of the ET donor only, since no ν(C=C) group vibration sensitive to the charge of M(tdas) 2 complexes has been observed. This is ascribed to the extensive electron-delocalization inside the tdas ring in agreement with semiempirical extended Huckel calculations, indicating also that the AO's of the terminal S-atom give a high contribution to the HOMO and favour the occurrence of three-dimensional intermolecular interactions along the molecular longitudinal axis. These findings are consistent with structural results.
INTRODUCTION
Molecule-based materials with peculiar physical properties are of special interest in the material chemistry research. [1] The current approach in this field is to design hybrid materials formed by two molecular networks, for example magnetic and conducting, such as anion/cation salts, where each network furnishes distinct physical properties. The typical compound in this case is a charge-transfer (CT) salt formed by an organic π-electron donor of the tetrathiafulvalene (TTF) type and an inorganic metal-complex anion that can act as magnetic component. [2] Bis(dithiolene) metal complexes offer interesting structural and electronic characteristics in this context because of their ability to form magnetic [3] as well as (super) conducting salts [4] . In the CT salts the crystal structure and the degree of charge transfer, ρ, between the components are the key parameters governing their physical properties [5] ; therefore the determination of the oxidation state of the molecules forming the conductive band, from which the filling of this band can be deduced, play a crucial role. The most common method used to roughly estimate ρ is the single-crystal analysis by means of the change of the bond lengths [6] ; however this method is limited to single crystals of qood quality and is inadequate in those compounds, such as the M(dmit) 2 -based dithiolenes (dmit=1,3-dithiole-2-thione-4,5-dithiolate) where the bond lengths of the M(dmit) 2 units in different oxidation states show no clear trends [7] within the experimental errors. Vibrational studies (Raman and IR) in turn have proved to be one of the most effective tools for gaining information on the structural and electronic properties of molecular conductors; by simply measuring the vibrational frequencies and interpolating between those of the neutral and fully ionized molecules, the estimation of charge transfer can be obtained [8] .
Moreover the vibronic modes, an important feature of these materials related to the coupling of conduction electrons to intramolecular vibrations of the organic molecules forming the conducting chain, are especially sensitive to the charge state of the donor molecule, and those having large electron-molecular vibrational coupling (EMVC) contants are proposed for quantitative evaluation of the charge transfer [9] . The aim of this paper is to show that vibrational studies (Raman and IR) in combination with electronic spectroscopy have shown to be capable to get a reliable estimation of ρ in hybrid molecular materials of the CT-type. The case of two CT-salts, (ET) 2 counterions, will be discussed, where the degree of CT is well defined by the stoichiometry and the crystal structure is accurate for 2 while is of poor accuracy for 1. Both salts show semiconducting behaviour (σ 300Κ : 1.0 and 1.8×10 -2 S cm -1 respectively) while the magnetic data fit well with an S=3/2 alternating chain for the anionic sublattice plus an S=1/2 alternating antiferromagnetic chain for the ET-sublattice (1) and a regular S=1/2 antiferromagnetic chain coming from the B-type anions plus a monomeric contribution coming from A-type anions (2).
RESULTS AND DISCUSSION
The synthesis, crystal structure and physical properties of (ET) 2 [Fe(tdas) 2 ] (1) and (ET)Ni(tdas) 2 (2) compounds have been described elsewhere [10, 11] . -anions are observed. The substitution of Fe with Ni lead to a totally different packing pattern of the ET-molecules and the counterions. In fact 2 crystallizes in a layered structure in which one layer contains two dimerized ET +1 molecules and one Ni(tdas) 2 -anion (A). These layers are separated by sheets of Ni(tdas) 2 -anions (B). Several intralayer sulfur···sulfur contacts shorter than the sum of the van der Waals radii exist between the ET molecules and the A-type Ni(tdas) 2 -anion, involving the "'inner" sulfur atoms of ET and the terminal sulfur atom (the shortest, S1···S13 = 3.4211(15) Å) and the "'inner" sulfur atoms of Ni(tdas) 2 -. Using the established empirical correlation between the C-S and C=C bond lengths and the donor charges in ET salts, the oxidation state for the ET molecule in (ET) 2 [Fe(tdas) 2 ] (1) and (ET)Ni(tdas) 2 (2) is estimated to be +1.1 and +1.0 respectively. This is in agreement with the +1 oxidation state expected from the stoichiometry in the case of 2 while is not consistent with the stoichiometry of 1 (2:1 salt, ρ=0.5) whose structural data are scarcely accurate. Vibrational and electronic spectroscopy instead have shown to be excellent tools in determining unambigously the degree of charge transfer in these materials. In fact an approximately linear correlation between the degree of charge-transfer and the two totally symmetric C=C stretching vibrations ν 2 and ν 3 (ν 2 and ν 3 have approximately equal contributions from the streching vibrations of the central C=C bond and from the C=C bonds connecting the five and six membered rings with in-phase and out-of-phase signs for the two modes) in insulating, conducting and superconducting CT salts based on the ET donor has previously been established [12] ; these two modes have large EMVC constants (ν 3 has the largest) and therefore are especially sensitive to the charge state of the ET molecule. The Raman spectra of 1, recorded with a Raman microscope spectrometer equipped with Ar laser (λ=514.5 nm) and of 2, with a Nd-YAG laser (λ=1064 nm), on single crystal and KBr podwer respectively, are reported in Figure 1 . The peaks at 1478sh and 1466s cm -1 in 1 and 1445w and 1411mw cm -1 in 2 can be assigned to the ν 2 and ν 3 vibrations and are consistent with ρ=0.5 for the ET molecule in a 2:1 CT-salt (1), ρ=1.0 for the ET molecule in a 1:1 CT-salt (2) in agreement with structural results; the peaks in the 333-328s and 161-169ms cm -1 ranges, may be assigned to the ν(M-S) and δ(S-M-S) vibrations. No peaks can be unambiguously assigned to the ν(C=C) stretching vibration in the M(tdas) 2 systems due to the extensive electron-delocalization inside the tdas-ring that lead to mixing of vibrational modes. Thus ring vibrations rather than group vibrations such as ν(CC) or ν(CN) seem to be assignable. This behaviour seems peculiar of tdas-based dithiolenes while the ν(C=C) stretching vibration correlates almost linearly with the charge of M(dmit) 2 , M(dddt) 2 (dddt=5,6-dihydro-1,4-dithiin-2,3-dithiolate) as well as other related metallo-dithiolenes in CT-salts. Approximate theoretical calculations on [Ni(tdas) 2 ] 2-and on the [Ni(dmit) 2 ] 2-complex based on semi-empirical Extended Huckel methods, by using the CACAO program [13] have been performed. The contributions of the p z AO are as follows: terminal sulfur (15%), carbon (4%), nitrogen (2%), inner sulfur (9%) atoms for each ligand and nickel (d xz 10%) to the HOMO (in agreement with the values reported in ref [14] It can be seen that the contribution of the sulfur atoms in Ni-tdas system, prevails in the HOMO, and the bond region is delocalised over the N-C-C-N moiety. Consequently the population of this orbital on going from the -2 to the -1 charged species should have a low influence on the C=C bond order; in the Ni-dmit system the C=C bond region of the ligands is bonding and gives a significant contribution to the HOMO (a π orbital) of the negatively charged complexes. A high contribution of the C=C bond region is found instead in the corresponding MO of the nickel-dithiolenes cited above (see ref. 15 and 16 for the dmit and dddt complexes respectively). This can explain the difference in the trend of the ν(C=C) with the charge for the different complexes. Moreover the large AO coefficients at the terminal sulphur atoms indicate that intermolecular interactions along the molecular longitudinal axis are favoured in agreement with structural findings. FT-IR spectra of 1 and 2, on KBr pellets, are shown in Figure 2 for comparison. Vibronic bands appear in the IR spectra of CT-salts as result of the partial overlapping of radical molecular orbitals because of the dimer-like arrangement of these molecules, at frequencies somewhat lower than those of Raman bands attributed to fundamental totally symmetric modes. Therefore evidence to the presence of (ET) 2 2+ dimers is found in the the FT-IR spectrum of 2 where peaks at 1414 (ν 2 ), 1330 (ν 3 ), 490 (ν 9 ) and 478 (ν 10 ) cm -1 , assigned to the a g vibration modes, appear as a consequence of the dimerisation of the cation. The IR and Raman spectra show good consistency with the X-ray results. Reflectance spectra [17] are an optical probe even more effective than the bond-length analysis in identifying the charge in ET-based CT salts. The reflectance spectra of 1 and 2 are compared in Figure 3 
CONCLUSION
The (ET) 2 [Fe(tdas) 2 ] (1) and (ET)Ni(tdas) 2 (2) CT-salts have been characterized by vibrational (Raman and IR) and UV-VIS-NIR spectroscopies in order to estimate the degree of CT between the components, a key parameters in determining their conducting properties, since it has been shown that the bond-length analysis is not accurate enough, especially for those structures poorly solved such as (1) . Reflectance spectra have proved to be an optical probe even more effective and reliable than the structural data in identifying the oxidation state (partial or integer) and the packing pattern (dimers or segregated stacks) of the ET donor, alone or in combination with Raman and IR results. It is noteworthy that in these salts vibrational spectroscopy is diagnostic in evaluating only the oxidation state of the ET-molecule. In fact no ν(C=C) vibrations sensitive to the charge has been found in the M(tdas) 2 systems, due to the extensive electron-delocalisation inside the tdas-ring, that seems to give rise to ring vibrations in spite of group vibrations. In these systems the ionicity of the counterions has been estimated based on the ionicity of the donor and on the stoichiometry. The collection of a large number of Raman, IR and Reflectance data on CT-salts having well-established structural features is required to better determine the validity of each of these techniques to be used individually or in combination as a probe in elucidating the nature of these materials. These methods should provide a simple diagnostic tool to synthetic material chemists for a preliminary screening of the materials which deserve further investigation especially when single crystals, suitable for X-ray studies, cannot be grown.
